Adsorption of 2,4,6-trinitrotoluene on the ZnO (2 1 10) surface: A density functional theory study of the detection mechanism of ZnO nanowire chemiresistors Sufian Alnemrat, Gary T. Brett, and Joseph P. We report first-principles calculations of the adsorption of 2,4,6-trinitrotoluene (TNT), a prototypical nitroaromatic explosive, on the ZnO (2 1 10) surface. This surface is common among ZnO chemiresistors being considered for trace explosive detection. Recent work has achieved 60 ppb detection of TNT using a ZnO nanowire array, but the physical mechanism of sensing is unclear. Our results indicate that TNT strongly chemisorbs via interactions between the oxygen on the nitro groups and surface zinc, creating surface states within the gap. We present a theoretical estimate showing the strong effect of these surface states on the depletion layer of ZnO nanowires.
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The extremely low vapor pressures of many explosive materials 1 have necessitated new approaches for detecting trace quantities of these compounds. With typical air concentrations in the ppb range, detection methods must achieve extremely high levels of sensitivity for positive identification. Several nanostructured chemiresistor systems have shown great promise for sensitive explosive detection, including single-walled nanotubes, 2 SnO 2 , 3 and ZnO. 4, 5 Recently, Chen et al. have demonstrated the first 2,4,6-trinitrotoluene (TNT) sensor based on metal oxide nanowires, with a detection limit of 60 ppb using 50 nm diameter ZnO wires grown via a vapor-solid method. 4 The ease of synthesis and high sensitivity makes this system desirable for many explosive detection applications, but the underlying physical mechanism of detection is still unclear.
The majority of metal oxide nanowire chemiresistors rely on changes in a surface depletion layer following adsorption of analyte gases. ZnO, which exhibits a weak intrinsic n-type character, is typically exposed initially to air or O 2 before passing the target gas over its surface. Molecular oxygen is believed to dissociate at the surface of ZnO, withdraw charge from the surface region, and create a surface depletion layer that dramatically limits the conductivity through the nanowire. 6 Any further changes following adsorption of an analyte gas have a significant effect on the overall conductivity of the chemiresistor device. While there is agreement on this general mechanism, there has been little study on the details of surface interaction between a sensing nanowire and a complex polyatomic molecule. Here, we examine the interaction of TNT, a prototypical nitroaromatic explosive, with the ZnO (2 1 10) surface to compare with recent promising results by Chen and coworkers. This non-polar, mix-terminated surface is common in ZnO structures such as nanowires, 7 nanobelts, and nanosprings. 8, 9 Chen et al. suggested a sensing mechanism in which NO decomposition gases from the TNT reacted with the ZnO surface to form electron-withdrawing NO 2 gas. Results of our first-principles calculations suggest a simpler mechanism may be at work. We find that TNT chemisorbs surprisingly strongly to this surface, in contrast to gas-phase NO 2 which shows only a weak physisorption. The binding is mediated by strong overlap between oxygen orbitals on nitro groups of TNT and surface Zn atoms. Chemisorption of TNT results in the creation of three new surface states within the gap and above the calculated Fermi level, which can explain an increase in depletion layer and the experimentally observed drop in chemiresistor conductivity. All density functional theory (DFT) calculations were performed using SIESTA 10 with the PBE functional 11 to treat electronic exchange and correlation effects. Interactions between the nuclei and electrons were described with normconserving Troullier-Martins pseudopotentials. A cut-off energy of 200 Ry for the expansion of the band-states was used in our simulations. Use of the C-point alone was found to be sufficient for Brillouin zone sampling. A double-zeta plus polarization basis set was used for the expansion of the electronic wavefunctions with an energy shift of 150 meV. All computations were conducted in spin-polarized mode and all degrees of freedom were allowed to relax simultaneously during the simulations. An electric field required to compensate the dipole of the system was calculated at every iteration and applied at the vacuum above the slab/adsorbate system. Adsorbate/surface interactions were also analyzed in terms of the density of states (DOS), partial density of states (PDOS) of specific atoms, and with a crystal orbital overlap population (COOP) analysis, which is the summation over all possible overlaps between states. COOP allows distinguishing between bonding and anti-bonding orbital interactions, depending on the sign of the overlap matrix element. This is particularly useful for the investigation of existence of new states near the Fermi level and the effect of these states on the overall electronic structure. Bonding orbitals appear with positive amplitude, while anti-bonding orbitals appear with negative amplitude.
We consider in this study a large surface comprised of 128 Zn-O pairs cleaved from the wurtzite ZnO structure to form a (2 1 10) surface. Periodic boundary conditions are applied to the ZnO surface with at least 15 Å vacuum above to ensure minimal interactions, and all atoms were allowed to relax during geometry optimization. Experimental measurements indicate that surface defects on ZnO may provide strong binding sites for adsorbate molecules. Thus, we also consider an identical surface with an oxygen vacancy to determine its effect on TNT adsorption. A large number of initial configurations were considered for the TNT binding site, as well as a systematic scan of starting locations over all inequivalent surface positions. Initial optimizations were performed for TNT oriented in a planar fashion above the surface, allowing the molecule to relax into a local minimum. For these local minima, approximately (15 rigid translations and rotations were performed, followed by an additional full geometry optimization of all TNT and ZnO slab atoms. Rotations in which the aromatic ring was canted with respect to the surface were considered, but in all cases optimized back to a nearly planar structure. In Figure 1(a) , we display the final, lowest-energy configuration which resides in a deep and narrow well on the surface. The calculated binding energy is À45.5 kcal/mol (here a negative value represents favorable binding), and the magnitude of the binding energy drops dramatically for translations or rotations of TNT away from this equilibrium configuration.
Rotations of TNT by
12 A charge density difference map (shown in Figure 1(b) ) shows a large accumulation of charge (teal color) in the region between the nitro groups and surface zinc, consistent with chemisorption through these groups. In the case of a surface oxygen vacancy, TNT prefers a binding orientation with the aromatic ring roughly centered over the vacancy, and the nitro-group oxygen interacting with surface Zn in a similar way as the pure surface. The binding energy increases slightly to À51 kcal/mol. NO 2 , also an important analyte for chemiresistor systems, only weakly physisorbs to a pure (2 1 10) surface. We have repeated the calculations of Yarovsky et al. 13 on NO 2 adsorption on a pure surface, and in agreement with their results we observe a weak binding of approximately À6 kcal/mol in the most favorable orientation. Figure 2 shows a COOP analysis of interactions between TNT atoms and the Zn (left frame) and O (right frame) of the surface. Positive (negative) values indicate interactions that stabilize (destabilize) the electronic structure. Positive contributions to the bonding arise primarily from interaction of surface Zn with TNT oxygen. Other contributions are considerably smaller (note the smaller vertical scale on the right frame), with the aromatic ring playing a limited role and mainly contributing to anti-bonding interactions. When TNT adsorbs over an oxygen vacancy, the ring p-electron interaction changes to give a bonding character, resulting in the slight increase in binding energy discussed above.
The electronic band structure and density of states are displayed in Figure 3 . Due to the large size of the simulation cell, methods such as LDA þ U or hybrid functionals to correct the well-known DFT band gap errors are not computationally feasible. There is also the issue of, for example, choosing an appropriate value of U for a ZnO slab which is not a bulk crystal and an adsorbate which lacks detailed experimental study. We make the standard assumption that relative changes in the bands and Fermi level are still valid; the latter decreases by approximately 0.4 eV following adsorption. The adsorbed TNT also creates new states within the band gap, located above the Fermi level E F and between 0.45 and 0.8 eV below the conduction band minimum. These states arise predominately from Zn/O ads bonding. The appearance of these new states is consistent with mid-gap states observed in previous calculations of N, O, and NO 2 adsorption on this surface. 12, 13 Just as the DFT results underpredict the band gap magnitude, we also expect that the position of these new mid-gap states is underpredicted with respect to the valence band maximum. The mid-gap states contain significant Zn character, and are expected to shift upwards if an approximate band gap correction such as that proposed by Janotti and Van de Walle were used. 14 We assume that these states remain above E F and that their relative spacing with respect to the Fermi level is reasonably accurate. Our theoretical analysis given below uses the experimental band gap and relative mid-gap state energies, and the final conclusions are thus not highly sensitive to shifts in the energies of these mid-gap states. The presence of a neutral surface oxygen vacancy has only a minimal effect on these new states, but as expected it introduces a separate state deep within the gap, just above the valence band maximum.
The appearance of these mid-gap states above the calculated Fermi level suggests the following sensing mechanism for a ZnO nanowire chemiresistor. ZnO is weakly n-type, and in a real wire electrons would become trapped in these interface states and drive the Fermi level towards the conduction band, higher than our calculated E F . Populated interface states, which lie above the charge neutrality level, would serve as filled acceptors and result in a strong bandbending and depletion zone inwards from the surface. To estimate the adsorbed TNT concentration required to heavily deplete a wire, we use our calculated band structure to analyze the depletion layer of a nanowire of identical dimensions as recent experiments. In a similar vein as the analysis of Chia and LaPierre, 15 the width of the undepleted region r q of a nanowire of diameter a can be written as
where q g ¼ qN D , q is the elementary charge, N D is the donor density, D is the separation between the charge neutrality layer and the mid-gap, D it is the density of interface states from our DFT calculations, r and o are relative ZnO and vacuum permittivity, respectively, and w o is the electric potential at the center of the nanowire, which is assumed to still remain undepleted. w o can be determined, using the Boltzmann approximation, via the relation
where N C is the effective density of states in the conduction band and E g is the magnitude of the gap (3.4 eV for ZnO).
The charge neutrality level of ZnO is still controversial; here, we have assumed it is 2.45 eV above the valence band maximum, following Allen and Durbin. 16 This yields a 1.6 eV range within the gap of the ZnO nanowire that is expected to be filled with negatively charged, filled acceptor states. The remaining material constants for ZnO are taken from Hossain and coauthors. 17 For a given interface density of states based on our calculated mid-gap density of states and an adsorption surface coverage, Eq. (1) can be solved numerically.
Using the dimensions and temperature of the 50 nm diameter, 2 lm long ZnO sensors studied by Chen and coworkers, 4 a value of D it of 5e8 cm À2 eV À1 is sufficient to deplete the nanowire down to a 25 nm conducting core. Small increases in D it beyond this value will rapidly eliminate the remainder of the central conducting region. From the calculated band structure, the mid-gap state density for a single adsorbate is approximately (2 eV
À1
; to reach this value of D it requires a mere 3.3e-16 lmol of TNT evenly adsorbed on the surface. Experimentally, 5.2 lmol/min were flowed past the ZnO nanowire sensor to detect a 60 ppb concentration. Thus, even modest surface adsorption of TNT is sufficient to significantly affect the depletion layer and explain the high sensitivity in previous experimental work; if an existing depletion zone is present (due to native surface states or adsorption/dissociation of ambient oxygen), even lower values of D it will suffice to fully deplete the wire. It is not necessary to invoke surface decomposition into NO to explain the depletion layer growth, 4 though we note that at elevated temperatures 5 and light exposures surface decomposition may indeed become an important factor.
In conclusion, we have performed electronic structure calculations of TNT adsorption on a large ZnO (2 1 10) surface, a representative plane found on many nanowire and nanobelt sensors. Recent experimental studies have achieved a detection threshold of 60 ppb with 50 nm ZnO nanowire chemiresistors; these studies proposed a possible mechanism involving decomposition of TNT into electron-withdrawing NO and subsequent re-adsorption of this group onto surface oxygen ions. Our calculations suggest an alternative, simpler mechanism in which surface adsorption of TNT without decomposition increases the surface depletion layer. While NO 2 and NO weakly physisorb on the (2 1 10) surface, we find that the three NO 2 groups on trinitrotoluene chemisorb to surface Zn with a binding energy of À46 kcal/mol. This strong attachment creates three surface states above the calculated Fermi level, which can serve as acceptors to further deplete the nanowire. A theoretical model for this depletion layer was combined with our first-principles surface density of states to estimate the amount of adsorbed TNT necessary to deplete a typical nanowire. The required amount is very small (approximately 3e-16 lmol for nanowires of the dimensions used in recent experiments) and well below the amount of TNT flowed over the sensor per minute. This strong adsorption is expected to be a general result for nitroaromatic compounds, suggesting that chemiresistors based on ZnO (2 1 10) surface adsorption are a promising route for many explosives and related degradation products.
